Whether primary or metastatic, tumors of the craniovertebral junction (CVJ) are rare and challenging. OBJECTIVE: To examine the surgical indications, operative variables, and outcomes in patients with tumors of the CVJ undergoing occipitocervical (OC) stabilization. METHODS: A single-institution, retrospective case series was performed from a prospectively maintained spine database. Patients with primary or metastatic tumors of the CVJ who underwent OC stabilization were identified. Out of 46 patients who underwent OC fusion, 39 were for tumor. Paired t-tests and Wilcoxon rank-sum tests were performed to assess for postoperative changes. RESULTS: Ten patients (26%) harbored primary tumors, and the remaining 29 (74%) had metastatic disease. Of the metastatic patients, 14 had a neurological deficit, 10 had severe neck pain, and 5 were deemed mechanically unstable. Postoperative visual analog pain scores were significantly reduced at all 3 follow-up times (P < .001, 95% confidence interval [CI; 3.2, 6.0]; P = .001, 95% CI [2.6, 7.7]; P = .020, 95% CI [0.6, 5.5]). The percentage of patients who were ambulatory and neurologically improved or intact remained stable postoperatively with no significant declines. There were 2 perioperative mortalities (5%), and 13 patients (33%) experienced a major complication. CONCLUSIONS: In patients with primary or metastatic tumor of the CVJ, OC stabilization using a cervical screw-rod system affixed to a midline-keel buttress plate, with or without posterior decompression, is a reliable method for CVJ stabilization in the oncologic setting. Improvement in pain and preservation of neurological function was seen.
T umors of the craniovertebral junction (CVJ) are rare, comprising 0.5% of all spinal tumors.
1-5 CVJ lesions are challenging due to the unique craniovertebral articulations, critical function of the adjacent cervicomedullary spinal cord, and traversing vertebral arteries. 6, 7 Due to the wide canal diameter from the occiput to C2, neurological compromise is less common, and patients often present with mechanical instability and refractory neck pain. 8, 9 Further complicating factors include tumor location within the atlas and axis. Morbidity associated with anterior approaches are significant, with rates of infection and postoperative swelling as high as 32%. 8, [10] [11] [12] [13] [14] Posterior approaches to the CVJ are favored, and construct techniques include screws, rods, wires, plates, hooks, and onlay grafting. 8, [15] [16] [17] [18] To date, the literature comprises case series with heterogenous surgical interventions 12, 15, 17, 19, 20 ; few reports isolate a single technique for tumor resection and stabilization of the CVJ.
This single-institutional case series reviews the management of patients with primary or metastatic tumors of the CVJ undergoing occipitocervical (OC) stabilization using a cervical screw-rod system affixed to a midlinekeel suboccipital buttress plate. The objective of our manuscript is to describe the surgical indications, operative variables, and outcomes in this population.
METHODS

Study Design
This retrospective case series was obtained from a prospectively maintained spine database between January 2003 and May 2015. Patients who underwent OC stabilization with a buttress plate were identified. All cases were reviewed by the Memorial Sloan Kettering Cancer Center spine tumor service during weekly multidisciplinary clinic and/or tumor board. The decision to operate was made using the neurologic, oncologic, mechanical, and systemic framework. 21, 22 The study was approved by Memorial Sloan Kettering Cancer Center institutional review board with appropriate patient consent. Treatment of our patient cohort involved the use of unlabeled products, specifically lateral mass screw placement in the subaxial cervical spine
Data Collection
Demographic and disease-specific data points were obtained. Patient gender, age, tumor features, preoperative and postoperative symptomatology, operative details, and adjuvant therapies were recorded. Radiographic imaging including standard radiographs, MRIs, and computed tomography (CT) scans were reviewed at presentation and follow-up. Preoperative subluxation and angulation were measured on neutral and lateral plain radiographs. All operations were performed by 1 of 2 fellowship-trained spine surgeons.
For certain clinical and imaging findings, known validated scales were included. Spinal instability was assessed using the Spinal Instability Neoplastic Score (SINS), a validated score of spinal location, alignment, posterolateral involvement, vertebral body collapse, bone lesion quality, and mechanical pain. 23 The extent of epidural spinal cord compression (ESCC) was assessed on T2-weighted axial MRI images using a validated scale from 0 to 3 that correlates MRI-based assessments with traditional myelography. 24 To assess neurological status, patients were evaluated with the American Spinal Injury Association (ASIA) impairment scale, a comprehensive measure of neurological impairment. 25 Patient-reported outcome instruments were also used to assess postoperative status. Pain self-assessment was based on a visual analog scale (VAS) ranging from 0 to 10, and severe pain was classified as 7 or greater. 26 Ambulation status was classified as no assistance, with assistance, or nonambulatory. Patients were considered ambulatory if they fit within the former 2 categories. All patient assessments were determined pre-and postoperatively and at each follow-up visit.
Indication for OC stabilization included the following: primary tumor, neurological compromise, mechanical instability, or intractable neck pain. Mechanical instability was determined by a combination of radiographic disease location, pain, and fracture subluxation distance/angle.
Operative Technique
Significant manipulation of the CVJ at intubation was avoided through use of fiberoptic intubation or the Glidescope. The length of instrumentation largely depended on the degree of tumor involvement of the subaxial cervical spine. In patients with primary tumors, maximal tumor excision was undertaken, followed by instrumented stabilization. Surgical goals in patients with metastatic tumors included spinal cord decompression and spinal stabilization. Postoperative adjuvant therapy was selected based on tumor histology. Posterior decompression of the involved levels was achieved by laminectomy, and if needed, a complete or partial facetectomy was performed. An intralesional tumor excision was carried out in all cases. Tumor resection was carried out in order to achieve complete decompression of the spinal cord and reconstitution of the thecal sac. 27 Partial resection of the vertebral body or odontoid was carried out in select cases in order to optimize the decompression. In patients with metastatic tumors, additional resection of vertebral body involvement was not performed after adequate decompression had been confirmed. In cases involving uni-or bilateral facetectomy, instrumentation was augmented with a minimum of 4 points of fixation below the resected level. In all cases, the shortest possible construct was created. In the case of poor bone quality, osteoporosis, or multiple subaxial sites of disease, longer constructs were favored, sometimes extending down to the thoracic spine, to ensure construct integrity and maintain spinal alignment for the remainder of life. Construct length was also determined, assuming postoperative radiation could compromise construct integrity. Arthrodesis was carried out using disease-free autologous bone graft and decortication. Autologous bone graft was taken from nondiseased sites, as confirmed by PET, CT, and MRI scans obtained for staging. No local autograft was used. Among patients with primary tumors, allograft was used along with autologous bone graft in order to increase graft volume. Buttress plates were secured to the midline keel of the suboccipital bone using 10 to 18-mm bicortical screws placed in the midline inferior to the superior nuchal line, and linked by rods. At the occipital plate, 2 bicortical screws were placed in the occipital bone. A pars or pedicle screw was then placed at C2, lateral mass screws were placed in the subaxial cervical spine, and pedicle screws were placed in the upper thoracic spine. Pedicle screws were sometimes placed at C7, and C1 lateral mass screws were often skipped for ease of rod placement. Despite the thickness of the superior nuchal line and external occipital protuberance, both were avoided in order to prevent injury to the transverse sinus and torcula. Postoperatively, patients wore a soft collar for 2 to 4 weeks and a hard collar for automotive transportation for 6 to 12 weeks. Halo vest immobilization was not used.
Statistical Analysis
Descriptive statistical analysis was performed. Due to the limited sample size, a normal distribution was not assumed, and all data were analyzed using nonparametric tests. Medians, interquartile ranges (IQR), and ranges were calculated for continuous variables. In cases where the median was 0, means and standard deviations were used to obtain a non-zero value. Wilcoxon-rank sum tests were used to compare nonparametric, continuous variables, and a Fisher's exact test was used to compare proportions. Paired t-tests were used in the cases where medians were 0 and a mean was calculated. All statistical analysis was performed in STATA version 14 (StataCorp LP, College Station, Texas).
RESULTS
Demographics and Indications
During the study period, 46 patients underwent OC stabilization at Memorial Sloan Kettering Cancer Center. Seven patients were treated with a history of systemic cancer but underwent OC fusion for reasons other than malignancy and were subsequently excluded. The remaining 39 patients were stabilized using an occipital buttress plate construct, rods, and screws. The exclusion criteria and histologic diagnoses of the 39 patients are represented in Figure 1 and a representative case is seen in Figures  2A-2C .
The median age at time of surgery was 67 years (range 33-88). Ten of the tumors were primary (26%), and the remaining 29 (74%) represented metastatic disease. Tumors involved the C2 level in 87% of cases. Almost half the cohort (49%) was found to have high-grade ESCC. The most common presenting complaint was neck pain, endorsed by 85% of patients. Based on the SINS classification, all cases were either unstable or potentially unstable. Ten patients (26%) had a fracture subluxation between C1/2, with 3 patients (8%) having 3.5 to <5 mm and 7 patients (18%) having ≥5 mm. Nine patients (23%) demonstrated angulation between C1/2, with 1 patient (3%) having <11
• and 8 patients (20%) having ≥11
• . All 39 patients had 1 or more of the previously mentioned indications for surgery, including primary tumor, neurological compromise, mechanical instability, or severe neck pain. Ten patients (26%) harbored primary tumors. Of the remaining 29 patients with metastatic disease, 14 patients (55%) had some degree of neurological compromise as determined by the ASIA scale. Of the remaining 15 patients, 10 patients had severe neck pain, defined as VAS greater than or equal to 7. Three of the remaining 5 patients had SINS scores greater than 12 and were deemed unstable. Of the remaining 2 patients, 1 had intractable headaches due to occipital neuralgia along with multiple cranial neuropathies, and the other developed severe pain after his preoperative visit. Additionally, of the 29 patients with metastatic disease, 13 had high-grade ESCC. The remaining 16 patients with metastatic disease without high grade ESCC were operated on for significant bone destruction including the following areas: 6 (38%) C1 lateral mass, 3 (19%) occipital condyle, and 11 (69%) C2 vertebrae. Two patients had destruction of all 3 bony levels. Additional baseline variables of both primary and metastatic patients are summarized in Table 1 .
Operative Details
Median operative time for the 38 cases available was 2 h and 15 min (range 1:27-11:00). Median estimated blood loss was 200 mL (range 50-2000 mL). Instrumentation spanned an average of 7 (range 6-14) vertebral levels. Occiput to C5 fusion was the most common operation, and no constructs stopped above C5. Laminectomies were performed in 29 patients (74%) in order to decompress the spinal cord and expose the tumor, with a median of 2 levels (range 1-5). Seventeen patients (44%) underwent tumor resection, of which 2 (5%) primary tumors included an anterior approach via a transmandibular osteotomy. Two cases (5%) included neurectomies, both due to significant unremitting occipital neuralgia. Fixation was augmented by local autograft in 85% of cases. Additional operative variables are included in Table 2 .
Outcomes
Patients were followed clinically for a median (IQR) time of 8.9 (0.8-54.0) months. Thirteen patients (33%) remained alive at the end of the study period.
Postoperative outcomes are shown in Table 3 . All but 4 patients reported improved pain postoperatively; these 4 patients all had metastatic disease, none had severe pain preoperatively, and 3 of 4 had subluxation ≥5 mm. Despite inconsistent follow-up, patients at each of the 3 follow-up times achieved a statistically significant reduction in pain. Ninety percent of patients were ambulatory before surgery, and this number remained consistently high throughout the study period. In terms of neurological function, 9 patients (23%) had improved ASIA scores postoperatively, and the percentage of ASIA E patients remained stable throughout the postoperative period. Dysphagia was present in 27% of patients preoperatively and remained relatively constant.
Thirteen patients (33%) were alive at the end of the study period. Median survival time (IQR) was 10.8 months (2.6-51.3). Twelve patients (31%) had local progression after surgery, 7 of which had metastatic disease. The median time (IQR) to progression was 31.9 months (18.4-63.6). A total of 33 (85%) patients received either preoperative or postoperative radiation. Nine patients (23%) received preoperative radiation alone, 12 patients (31%) received postoperative radiation alone, and 12 patients (31%) received radiation at both time points.
Complications
There were 2 perioperative mortalities (5%). One patient expired as a result of postoperative pneumonia and a second patient expired 5 days after discharge while in hospice care as a result of disease progression (Table 4) . Thirteen patients (33%) experienced a major perioperative complication, including wound infection, pneumonia, aspiration requiring tracheostomy, Two other patients required reoperation in the form of wound debridement for SSI and/or dehiscence.
DISCUSSION
Tumors of the CVJ are uncommon and challenging. Whether surgical goals are palliative or curative, meticulous preparation is required for a successful outcome. In this single-institution series of primary and metastatic tumors of the CVJ, all patients underwent OC stabilization with a buttress plate, rods, and screws. A durable, statistically significant reduction in pain was seen, and the percentage of patients who were ambulatory and neurologically intact remained stable postoperatively.
Indications
The CVJ represents a complex system of articulating joints that permits the most flexion-extension and axial rotation in the cervical spine. [28] [29] [30] [31] With the absence of intervertebral discs, 4 layers of ligamentous stabilizers provide stability, including the anterior atlantooccipital membrane, apical and alar ligaments, cruciate ligaments, and tectorial membrane. 28, 31 The transverse and apical ligaments are the strongest and most important stabilizers. 31 The pattern of osteolytic destruction seen in malignancy rarely follows injury patterns seen in the trauma population, making trauma guidelines largely irrelevant, though displacement and angulation may be universal. 15, [32] [33] [34] In the neoplastic setting, mechanical instability of the CVJ may result from osteolytic tumor destruction or from tumor treatment with surgery or radiation. While the SINS facilitates the diagnosis of spinal instability in many patients, some patients have indeterminate instability scores. 23 In such instances, radiographic and clinical considerations specific to the spinal region must be used in order to determine the need for stabilization. Thus, although the majority (69%) received a score of "potentially unstable," these patients benefited from CVJ stabilization as evidenced by their pain and functional outcomes.
As mentioned, our a priori indications for OC fixation included primary tumor, neurological compromise, mechanical instability (before or after tumor removal), or intractable neck pain. While 16 patients (41%) had some form of neurological deficit at the time of tumor diagnosis, the presenting complaint in the majority of patients (85%) was neck pain. This is likely due to the large diameter of the spinal canal at the CVJ, requiring tumors to reach a very large size prior to symptomatic ESCC. Therefore, CVJ tumors generally become symptomatic through osseous destruction and instability rather than neurological compromise.
Among 15 metastatic patients without a neurological deficit or primary tumor, surgical stabilization was undertaken based on the fracture pattern and pain characteristics. Ten patients experienced severe pain, which was considered an indication for OC fixation to improve the quality of life. Previous reports have also considered mechanical neck pain an indication for surgery. 12, 15, 20, 35 The remaining 5 patients had moderate pain, which was exacerbated with neck movement and lytic destruction of condyles or posterior elements. Earlier studies have noted that lytic destruction or resection of 70% of a unilateral condyle, 50% of bilateral condyles, or extensive removal of the posterior elements and facets were indications for OC fixation. 20 Odontoid displacement of more than 5 mm, or angulation exceeding 11
• with more than 3.5-mm displacement have also been mentioned. 15, 36 In our series, though 26% had fracture subluxation greater than 5 mm and 20% had a C1/2 angle exceeding 11
• , all patients that met these radiographic criteria had other indications for stabilization.
Operative Technique
Techniques for OC stabilization vary widely, including screws, rods, wires, plates, hooks, and onlay grafting. 8, [15] [16] [17] [18] Winegar and coauthors 16 systematically reviewed 4 distinct options for surgical intervention: onlay fusion with wires, rod/wires, rods/screws, and plates/screws. The use of screw-rod constructs was associated with the best outcomes in all categories; however, the authors cautioned against overinterpretation of the results due to significant selection bias and heterogeneity. Highlighting the challenge of CVJ tumors in their review, the tumor population had the lowest rate of arthrodesis with the screw-rod technique. 16 Several case series of OC fusion in tumor populations exist, most with varying methods of fixation. 12, 15, 17, 19, 20 The use of lateral mass plates and a Luque rectangle with sublaminar wires was reported in 3 patients. 15 An earlier series reported 24 patients using stainless steel wires and titanium cables looped through 4 occipital burr holes. 17 A more recent study used a contoured rod and sublaminar cables for occipital fixation in 46 patients with CVJ tumors. 20 Additionally, 1 study stratified methods for OC fixation depending on prognosis, where those with aggressive lesions received contoured loop instrumentation or methyl methacrylate, allowing for rapid mobilization with no postoperative orthoses. Those with a good prognosis were treated with traditional bone fusion techniques and halo immobilization. 12 A strength of the current analysis is that the same technique was used in all 39 patients-a buttress plate. Though buttress plates have been previously described, 18, 37 this is the largest series in a tumor-specific population. Occipital buttress plate constructs utilize the thick midline keel of the suboccipital bone for screw placement. In a cadaveric study, Zipnick and coauthors 38 found that the external occipital protuberance was the thickest area of the occipital bone (17.55 ± 3.18 mm), and bone thickness decreased radially from the occipital protuberance. Moreover, the outer cortex contributed 45% of the total thickness compared to 10% of the inner table. 38 A second study by the same authors found that the greatest pullout strength was at the occipital protuberance, pullout strength decreased radially from the protuberance in all specimens, and that bicortical pullout strength was 50% greater than unicortical. 39 The external occipital protuberance overlies the torcula and should be avoided; however, the midline keel in the subocciptal bone inferior to the protuberance can often accommodate a >10 mm bicortical screw, thus providing excellent bone purchase. Using this strategy, we saw no evidence of venous sinus violation with midline screw placement. 40 It has also been shown that at the CVJ, the addition of lateral occipital screw placement to midline fixation reduces screw loads with lateral bending and increases the moment arm to potentially decrease failure. 41, 42 In this series, lateral screws were not placed despite this theoretical advantage without adverse sequelae.
In addition, all constructs in our series extended to C5 and below. Achieving multiple points of fixation is important in preventing hardware failure, especially in a tumor population where most patients receive postoperative radiation and have compromised bone quality. We experienced a low rate of hardware failure, where 1 patient (3%) required reoperation to revise failed hardware, and this was in the case of noncompliance with orthoses while riding a high-speed, unprotected vehicle.
Outcomes
While prior reports discuss indications and techniques for OC fusion at length, detailed outcomes data are sparse. In our series of 39 patients, average VAS pain scores in the immediate postoperative period dropped significantly from 6.6 to 2.1. These results remained significantly improved at a median follow-up of 9 months in 16 patients. Moreover, the preoperative rates of ambulation and neurologically intact status remained stable throughout the study period. Our results are consistent with prior literature. Zou et al 35 found a significant improvement in myelopathy scores after OC fusion for tumor, and a similar study of onlay fusion found neurological improvement in 60% of patients based on the Ranawat criteria. 17 Three patients required reoperation for infection or wound healing issues. A meticulous, layered closure must be achieved in this population that has already received or will receive radiation. Almost one-quarter of our cohort received preoperative radiation, which is a clear risk factor for wound complications as documented by 2 large studies. 43, 44 Additionally, based on a 15% rate of pneumonia and the risk for aspiration after immobilization of the atlantoaxial spine, special attention must be made to encourage incentive spirometry and monitor for signs of dysphagia.
Limitations
This is a single-institution series representing outcomes from a specialized cancer center. Clinical decision-making is subject to institutional treatment preferences. Though the data were drawn from a prospectively maintained database, our study is subject to the biases of a retrospective effort and a small cohort of patients. Selection bias is also present, as there is no comparison group assessing the natural course of no surgical intervention. Our cohort includes only patients who underwent surgery, and we cannot make conclusions about the superiority, or lack thereof, among patients undergoing surgery. These outcomes may be similar, better, or worse in a nonsurgical cohort. In addition, not all patients contained outcomes data at the given time points. Moreover, the cohort is heterogeneous and comprised of both primary and metastatic tumor patients. Though similar in terms of bone quality, primary tumor patients are often healthier with less sites of disease. Moreover, primary tumor patients will almost always live longer, and may attain a bony fusion. Lastly, these results only pertain to patients with primary and metastatic spine diseases of the CVJ, and conclusions cannot be extrapolated to degenerative, trauma, or infectious populations.
CONCLUSION
OC fixation using a buttress plate secured to the midline keel of the suboccipital bone, with or without posterior decompression, is a reliable method for CVJ stabilization in the oncologic setting. CVJ stabilization indications include lytic destruction of occipital condyles, C1 and C2 with movement-associated pain and iatrogenic instability secondary to tumor excision. Our findings support the incorporation of occipital buttress plate systems into OC fixation strategies in order to help establish durable pain relief, mechanical stability, and preservation or improvement of neurological function for CVJ tumors.
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